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The thirty-third meeting of the Institute was held on March 12tl,
at the College of the City of New York. Vice-Presidenit T. C.
Martin called the meeting to order at 8 o'clock and said:

In the absence of our Secretary, Mr. Ralph W. Pope, who is
unfortunately detained by sickness in his family, it devolves upon
me to introduce the business of the evening, and as I happen also
to be one of the offiei s, it also becomes my dtity to elect myself
to the chair. I have muclh pleasure in announcing as the subject
of the evening, " The Efficiency of Methods of Artificial Illumina-
tion," the paper upon which will be read by our well-known fel-
low member, Prof. E. L. Nichols of Cornell University, and I
have much pleasure in calling upon the Professor to read his
paper.

Prof. Nichols read the following:



THE EFFICIENCY OF MIETHODS OF ARTIFICIAL
ILLUMINATION.

BY EDWARD L. N4ICHOLS.

Of humnan industries of the present day none perhaps, save
those which have to do with providinig the race with food, cloth-
ing, shelter and fuel, is more important to the cause of material
welfare than that which deals with the production of artificial
light, and lie who seeks a means of measuring the material civil-
ization reached by a nation might find an excellent criterion in
the progress which it exhibits in the art of illumination.
The problem of comparing the various methods of artificial

lighting which are in vogue at the present day is one of great in-
terest, whether we view it from the comrnercial standpoint, tak-
ing the cost of production as our controlling factor, or from tlhe
broader basis of relative usefulness, cost being relegated to a
secondary position, or, finally, from the purely scientific point of
view. From whichever side we approach this question, we are
led inevitably to the consideration of certain elements which are
alike of scientific, utilitarian and coinnuercial importance.
At first sight the attempt to determine the relative value of two

sources of light would seem to be a simple matter. The numnber
of factors, however, whieh enter into such a determination is sur-
prisinigly large, and many of them are of a character which makes
it difficult to give them definite and complete expression. Of
these the greater part are, indeed, commonly left out of account
altogether, for the sake of simplicity, and we content ourselves
with an antiquated and totally insufficient measure of our sources
of illumination, which we call candle-power. It is to these other
elements which enter inito the question of the character of artifi-
cial light-such, for instance, as have to do with its quality-but
wlhich are, as a rule, quite lost sight of; to which I would ask your
attention this evening, together with a discussion of those which
are commonly made use of in photometry. If, in so doing, I amn
led to speak of methods which belong to the realm of pure science,
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I trust that you will agree with me in thinkinig that the results
are not uniimportant even to those whose interest in the problemn
of the production of artificial light is purely utilitarian.

In the important question of the efficiency of a light-producing
machine or process, the practice of to-day is very far from having
reached that degree of exactness of expression which we demaind
in other cases of the transformation of eTnergy. In electric light-
ing the energy expended is readily deterinined in absolute meas-
ure, or in that excellent practical unit, the Watt. In lieui of any
attempt to express the useful energy obtained, however, we still
content ourselves in practice with that most unscientific unit, the
candle-power, based upon a source of illumination which is par-
ticularly subject to fluctuations of intensity and color. Evenl as
used in the Bunsen photometer the shortcomings of the standard
candle are sufficiently apparent; but no one who h-as not at-
tempted to study it by rnethods which make it possible to detect
changes of color as well as of brightness, can fully appreciate its
fickleness.

Such as it is, we do not, moreover, nmake the best of the stand-
ard candle as a basis of comparison of artificial lights. We speak
of a 16-candle incandescent lamp, for instance, meaning often-
timnes "mean spherical candle-power" anld then we compare it
wit4 a petroleum or gas flame, measured in the horizontal plane
only, mnuch to the disadvantage of the electric lamp. The study of
the distribution of intensities in accordance with the very coIN-
plete system devised for that purpose by the Franklin Institute
Commnittee in 1884, affords an invaluable means of comparing the
performance of various types of incandescent lamps; but the
adoption of "mean spherical candle-power" as obtained by that
method, is, to say the least, misleading when it comes to the coin-
parison of electric lamps with candles, oil or gas. It is to be
hoped that wlient the present confusion of methods of measuring
candle-power now existing in the electric lighting establishments
in this country is supplanted bv a recoginized system, the fairer
standard already established by law in Eingland, viz., mean hori-
zontal candle-power, may be adopted. It is, however, in the
comparison of arc and glow lamps that the latter are put at the
greatest disadvantage. Ihere we pit the incandescent lamp, usinlg
mean spherical candle-power as our basis, against candle-power
measured at the angle at which the arc light sends out the greater
part of its rays. Indeed, in too mnany cases, it is not with the ac-
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tual intensity even in this most favorable position with which we

have to do, but with an estimated or "nominal" candle-power
which the arc, in matter of fact, never approaches.
The electric arc sta-nds quite alone, for the purposes to which

it is adapted, and need fear no rivals. It does not need to be
estimated upon any fictitious basis, and the continuance of the
pernicious practice of ascribing to it powers of illumination which
it does not possess, must, in a great measure, be charged to the
account of the standard candle; for with the best intentions in
the world, the comparison of sources of light differing so widely
in color as the candle and the electric arc, is nothing more than
a rude approximation, leading by its very inaccuracy to the temp-
tation of the grossest exaggeration.

FIG. 1.

There are, fortunately, better methods of estimating the effi-
ciency of a lamp than that which is based upon canidle-power.
We mav, for instance, determine the ratio of the energy of the

light-giving radiation to that of the total radiation of the source

of illumnination. The efficiency of the incandescent lamp, accord-
ing to this definition, has been recentlv determined by Mr. Ernest
Merritt,2 of the Physical Laboratory of Cornell University. Mr.

Merritt followed two independent methods of investigation. In
his first experiments the lamp was placed in a calorimeter con-

structed entirely of glass, Fig. 1, through which a constant flow
of water was maintained. The temperature of the water upon

entering and upon leaving the calorimeter was measured by means
of the thermometers E and F. From this difference of temper-
ature and the amount of water discharged in a given time, the
heat absorbed by the calorimeter was calculated; proper corree-

2 Eriest Merritt, American Journal of Science, vol. 37, p. 167.
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tions for loss of heat by radiations, etc., being applied. Now the
water with which the calorimeter was filled is nearly transparent
to the light-giving radiations from the lamp, and almost entirely
opaque to the longer wave lenigths which constitute the so-called
heat spectrum. To have assumed it to be entirely so, would,
however, have involved ver*y considerable errors, and the dia-
thermiancy of the calorimeter on the one hand and its power of ab-
sorbing the luminous wave-lengths on the other, were accordingly
carefully determined by niethods long since elaborated and made
use of by Melloni and by his distinguished English follower,
Professor Tyndall. By applying these and other necessary cor-
rections, we are able to calculate very accurately in watts, the non-
luminous radiation from the lamp. The ratio of the total radia
tion, obtained either by submerging the lamp in a metallic calori-
meter or by direct computation from the current and electromo-
tive force gives the actual effliciency of the lamp considered as a
light-making machine. The result is not a gratifying one, when
we compare this process with most others in which energy is
transformed. The efficiency of the best types of incandescent
lamps, previous to the introduction of the recent three-watts-per-
candle lamps now in successful operation, which would doubtless
make a somewhat better showing, was found to be rather under
than over five per cent. at normal candle-power; the values
ranging from 0.5 per cent. to 6.5 per cent. The last named valuie
for the efficiency was attained only at a temperature incompatible
with any considerable length of life. The results obtained in this
investigation are shown in table i.3 and in the accompanying dia-
grain, Fig. 3.

In this table w is the total einergy, in watts; L the energy of
the light, also measured in watts; and c. P. the candle-power.
The second method pursued by Mr. Merritt was intended

rather as a check upon the results already obtained than in the
expectation of gaining further data. The rays of the lamp were
allowed to fall -upon the face of a delicate thermopile placed at a

Dr. Blattner, in an Inaugural Dissertation, published at the University of
Zuirich, gives similar values for the efficiency of the incandescent lamp. He
finds, as the result of extended measurements with the glass calorimeter, that
* * * " at the normal temperature of incandescence, where the intensity lies in
the neighborhood of 16 candles, the efficiency does not rise above five per cent.
to six per cent."-Emil Blattner; Der Optische Nutzeffect der Glidhdampen.
Frauenfeld, 1886.
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distance of about 60 cm. The thermopile was in eircuit withl a
low resistance galvanometer of the well-known "tripod pattern"

Table I.4
Lamp A. Edi,son.

E. M. F. W. C.P. L. _ L

74.2 34.6 0.9 0.18 0.005 0.59
91.6 56.2 4.8 0.78 .012 0.14
97.3 64.6 7.;3 1.13 .017 0.15

100.3 69.3 8.9 1.62 .023 0.18
107.6 81.6 14.6 2.97 .036 0.20
109.S 84.4 16.3 4.57 .04 0.28
124.1 115.4 38.2 7.46 .065 0.19

of Sir William Thomson. The deflection of the galvanomiieter
was taken as a measure of the total radiation, luminous and non-
lumninous, whiel fell upon the face of the pile. A cell contain-
ing a solution of alum was now interposed, and the reduction in
the galvanomneter noted. The arranigement of this apparatus is
slhown in Fig. 2.

FIG. 2.

An aqueous solution of alum fulfills mlucli more nearly the de-
sired conditioni of complete opacity to "1 dark heat " and complete
transparency to the rays of the visible spectrum than any other
substance, but a certain smnall percentage of the longer wave
lengths will pass through such a bath, and a coinsiderably larger
percentage of light-giving rays will be cut off by it. The proper
corrections are, however, easily determiinable, and when in this
case they had been determined and. applied, the ratio of total to
luminous radiation was found to be in gratifying agreemnent with
the efficiency obtained by the calorinmetric method already de-
scribed. See table ii.

4 Tables i and ii, and figures 1 and 2, are taken from Mr. Merritt's paper,
already referred to.
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TABLE Ir.

Lamp B.
An Edison 16 c. p. lamp. Resistance - 249 ohms.

E. M. F. W. C. P. L. .L
63.0 25.4 0.3 0.42 0.016 1.61
74.6 37.8 1.0 0.77 .021 0.79
85.4 52.5 2.5 1.96 .037 0.78
99.0 72.2 6.3 4.30 .059 0.68

116.0 102.0 15.2 7.38 .072 0.49

Ia)p C.
Weston 16 c. p. Cold resistance 402 ohms.

E. M. F. W. C. P. L- L
C.OP.

72.0 21.6 0.4 0.46 0.021 1.27
87.4 33.5 1.5 1.10 .033 0.76

102.0 47T.8 4.4 2.09 .044 0.48
17.0 66.1 10.7 3.19 .048 0.30

Lamp D.
Westoni 16 c. p., 70 volt. Resistance 152 ohms.

E. M. F. W. . P. L. L L

4-3.o 25.8 0.5 0.53 0.021 1.06
50.7 36.0 1.6 0.97 .027 0.62
60.5 52.0 5.2 2.03 .039 0.39
67.5 65.5 11.0 3.95 .060 0.36

Lamp E.
Bernstein 8 c. p. Resistance 11.3 ohms.

E. M. F. W. C.P. L L

12.2 25.2 0.2 0.20 0.008 11.00
13.4 30.8 0.5 0.41 .013 0.84
15.(0 40.4 1.3 0.75 .018 0.57
16.4 53.2 4.1 2.03 .038 0.50
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It is interesting to compare these results with some obtained
by still another method. Captain Abney and Colonel Festing
in the Proceedings of the Royal Society have described a series
of elaborate studies of the radiation of the incandescent lamp.
The portion of their very important investigation, which has a
bearing upon the efficiency, deals with the exploration of the
spectrumn of the lamp, under various degrees of incandescence, by
means of an exceedingly sensitive thermopile. The energy of the
visible spectrum of most sources of light is so minute that it has
generally been deemed impracticable to measure it in this way.
Captain Abney and his co-worker have, nevertheless, secured*
neasurements covering not only the extensive regions of the so-
called heat spectrum lying inside the red, but also the shorter
wave lengths which constitute the visible spectrum. Their results
are shown graphically in Fig. 3.

60

40~ ~ ~ ~ ~

50
40 S '1 : v

Wave Lengths

FIG. 3.

One of the British Elect;ic Co's lainps was subjected to ineas-
ureinent in six different states of incandescence, corresponding to
33.6, 60.2, 93.8, 116.4, 130.8 and 150.5 watts respectively. The
curves show the intensity of each wave length of the spectrum
when the above amounts of energy were expended in the filament.
and the total area inielosed by each curve affords a relative meas-
ure of the total radiation of the lamps in the state of incan-
descence in question. I have added to this diagram, of which, in
other respects, Fig. 3 is a faithful reproduction, the vertical line
lying between scale divisions 5 and 6 of their scale. This line
marks the boundary between the visible and ilnvisible spectrum.
The entire area to the right of that line represents the energy
wasted in the lamnp; the much smaller area to the left comprises
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the light-giving rays. The ratio of the entire area of each curve
to that portion lying within the boundaries of the visible spectrum
gives us the efficiency of the lamp for the state of incandescence
produced by the expenditure of the number of watts for which
the curve is drawn. This ratio increases from a very small value
with the brightness of the lamp.

I have made approxinmate integrations of the areas embraced
by the curves for 150.5 and 130.8 watts, respectively, for the
purpose of comnparing, the efficiency thus calculated with the re-
sults obtained by Mr. Merritt. The ratios are

Watts. Efficiency.

150.5 5.55 per cent.
130.8 5.15 "c

The corresponding values for lower states of incandescence are
all smaller than the above.

It will be seen that these results are in complete agreement
with those obtained with the glass calorimeter and by the method
of Melloni. We have, indeed, reason to feel that our knowledge
of the absolute efficiency of the incanideseent lamp, in so far as it
can be expressed by the ratio of luminous to total radiation is well
grounded, and that we are in position to determine the light-giv-
ing efficiency of any type of glow lamp in any condition of in-
candescence with the same certainty and exactniess which is at-
tainable in the measurement of other machines for the transfor-
mation of energy.
The average net efficiency of the incandescent lamps of to-day,

for we mnay leave untouched for the present the efficiency of the
processes by which the latent energy of fuel from which the
current is generated has been converted into electrical energy, is
rather below, than above five per cent; and since the ratio of
total radiation to light-giving radiation increases but slowly as the
temperature of the radiating body rises, the efficiency is not
likely to be increased in any very marked degree until we shall
have learned how to suppress altogether these long wave lengths
which yield us dark heat, and are able to limit the vibrations of
ouir source of light to that brief octave which comprises the wave
leingths to which alone the human retina responds.
Whether this great step is to be made by robbing the glow-

worm and fire-fly of their secret, as has been suggested in a re-
cent address by the director of the Sibley College of Mechanical
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Engineering.5 or by developmelnt along the lines sketched the
otlher evening by Professor Brackett at the meeting of the Elec-
tric Club, or by the application of some principle as yet uncois-
ceived, we know not. Meantime, we have in the mtethods of ar-
titicial lighting of to-day abuindant material for study and inves-
tigation.
The investigation of the efficiency of the arc light by the

inethods under consideration, is a much inore difficult matter than
the samie determination in the case of the incandescent lamilp.
The radiating surface of the latter is very nearly of the samne
temnperature throughout, and the ratio of total radiation to himini-
nous radiation, obtained for the bundle of rays sent out in a single
direction, gives us at once the measure of the efficiency. In the
arc we have, however, a light-giving area of great brillianey in
tlle immnediate neighborhood of the arc, and the temperature of
the carbons falls with great rapiditv from the inaxiinum at the
point and crater to regions which are at a red heat.
The entire light-giving area is included between the line stir-

rounlding the positive carbon, whichl is at red heat, and the cor-
responding line upon the negative carbon. Between these two
lines we pass rapidly through regions, the light from whieh varies
with the degree of ineandeseence by insensible gradations from
that which a red hot surface is capable of emitting to that cotming
from carboon at the highest temperature whieh that substance can
be made to assumLne. Now, the curve of distribution of candle-
power taken in a vertical plane is, as we all know, a very pe-
culiar one, and if we place ouir thermuopile with alutLm cell inter-
posed to measuie the energy of the light-giving rays, the amount
of radiation received uponi the face of the pile will greatly depend
upon the position inl which the apparatus is set up. At an angle

T"he second of these greatest of inventors is he who will teach us the source
of the beautiful soft-beaming light of the fire-fly and the glow-worm, and will
show us how to produce this singular illuminant, and to apply it with success
practically and commercially. This wonderful light, free from heat and from
consequent loss of energy, is nature's substitute for the crude and extravagantly
wasteful lights of which we have, through so many years, been foolishly boast-
ing. The dynamo-electrical engineer has nearly solved this problem. Let us
hope that it may be soon fully solved, and by one of those among our own col-
leagues who are now so earnestly working in this field, and that we may all live
to see him steal the glow-worm's light, and to see the approaching days of Vril
predicted so long ago by Lord Lytton."-ROBERT H. THHURSTON-Tran8aetions
of the American Society of -M chaniect Engineers, 1881, p. 22.
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of 45 degrees, or 50 degrees below the horizontal plane, for in-
stance, the amrount indicated will be five or six times greater than
in the horizontal plane. Now, the surface of total radiation is mucl
larger tharn that from which the light-giving rays emaTnate. It
includes, in addition to the ineandesent surfaces ilear the are, all
those portions of the carbons which are heated, eitlher by conduc-
tion or by the current.
The amouint of heat radiated from regions whichl are below the

red heat is very considerable, and forms an important factor in
the determination of the efficiency. Were the distribution of total
radiation in the vertical plane identical with that of the light-giv-
ing rays, the measuremenit of their ratio with the axis of the
thermopile in any plane which passes through the arc, would give
us the efficiency of the lamp; but the curve of distribution of
total radiation is not the same as that of candle-power, and the
ratio in question is a function of the plane wlich the axis of the
pile makes with the horizon. It becomes necessary, therefore,
to make an exploration of the entire zone through which the
lamp sends out rays, determining the ratio of total to luminous
radiation for each angle, and then to integrate the results. Such
an investigation is now in progress under my direction, and Mr.
H. Nakano, who is carrying on tlle experiments, has reached some
exceedingly interesting results. The research will soon be read-y
for publication in its complete form, and it will afford us much
more definite data concerning the radiations of the electric arc
than we now possess. It will not be out of place even n-iow to say
a word concerning the uiethod whieh is being employed, and the
general character of the results already obtained.
The first mneasuremients were mnade by the second mnethod em-

ployed by Mlr. Merritt, the thermopile in the horizontal plane.
The lamp subjected to nmeasurement was of the long are type,
with 9 amnperes of current and 45 volts. The efficieincy in this
plane was found to be surprisingly small. It was found, more-
over, to vary in imarked degree with the diameter of the carbons
used, increasing as the diameter decreased to the point at which
the carbons were rendered hot by the current, when, as might be
expected, it fell off again.
The lamp was then mounted in a framne which also carried the

thermnopile and alum bath, and which was so constructed that
-measuremnents could be mnade at any desired angle. All necessary
changes of angle could be made without varying the distance

16'
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from the arc to the face of the pile, or the relation of the alumn
bath to the latter. By ineans of this apparatus, which is shown

Fig. 4.

in fi,ure 4, it has been found possible to deterinine the ratio of
total to luminous radiation throughout the zone of radiation of
the lamp, and to plot the curve of distribution of each.
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Without entering inito the details of an incompleted researchl, I
may indicate the general character of the results by means of a
diagram. The curves shown in figures 5 and 6 are those relating
to a "long-arc " lamp with carbons .45 inch in diameter. They
represent respectively the distribution of luminous and total
radiation emanating from the lamp. The radii show the positions

Fig. 5.

for which measurements were taken; distances measured along
these lines from the origin to each curve give the relative inten-
sities of light-giving and total heat energy in each position.

Fig. 6.

The curve of luminous radiation corresponds in form with that
of candle-power. The distribution of total radiation, however,
differs widely from these, and the ratio,

luminous energy is a
total energyI

function of the angle which the line of measuremenit makes with
the horizontal plane. The values of the efficiency in the case in
question for the various angles at which measurements were made,
are given in table iii. They form the basis for the curve in figure

1(0

K0

A2 0
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6, which is the diagram of efficiencies of the arc light under the
conditions of operation already stated.

TABLE III.
Efficiency of an arc lanp; after measurements by

Mr. H. Nankano.
Luminous radiation.

Angle. E£fficienscyT. = Total radiation.
0° .0548
100 .0901
200 .12328
300 .1506
400 .1552
500 .10.;9
600 .0676
63Q .0492

The integration of these values gives as the inean efficiency of
the arc lamp in question, .104, or 10.4 per cent. .
The ratio of the radii of two semi-circles, the areas of which

equal the areas inclosed by the curves of luminous and total radi-
ation, gives us a measure of the "mean spherical " efficiency of
the lamp. This ratio in the case of the lamp to which these
curves refer is very much smaller than the generally accepted
values of the efficiency of arc lamps, expressed in terms of the
candle-power per watt, would lead us to expect. The intensity
of the arc is, however, seldom expressed in mean spherical candles,
and there are few data relating to the candle-power of this source
of light upon which to found satisfactory estimates. On the one
hand we find it stated, doubtless correctly, that the mean light-
producing efficiency of the eleven dynamos, tested at the Inter-
national Health Exhibition, held in London in 1884, was 1,440
candles per horse-power,6 while the glow lamps only yielded 175
candles, and it is with estimates similar to the above with which
we have generally to satisfy ouirselves in comparing, arc and in-
candescent systems of illuminationi.

For the purpose of deciding whether the results of Nakano's
nmethod of determining the ratio of luminous to total radiation
are compatible with our other sources of knowledge concerning
the are light we must make use of mean spherical candle-power
as ouir basis of comparison.
Very careful measurements of the mean spherical candle power

of two arc lamps of representative and successful commercial
types were made in the physical laboratory of Cornell University,q

6 Julius Maier, Arc and Glow Lamps, p. 52.
7 The Photometry of Arc Lights. Thesis by Benjamin W. Snow, 1885. MS.

in the Library of Cornell University.
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following the rnethod of the Franklin Institute Comnmittee. Both
of these lamps were rated at 2,000 c. p. They were maintained
by dynamos of the types for which they had beeln especially de-
signed, working under normal conditions. One of the lamnps gave
a mean spherical candle-power of 295, wheni working in series
with ninie other lamps of the same construction. When placed
in circnit alone, the candle-power rose to 348. The energy ex-
pended in the lamp in each case was 550 watts, and the efliciency
accordingly 1.8 watts and 1.6 watts per candle.
The other lamp was found to reach 609 mean spherical candles

at the cost of 601 watts. An inspection of the result obtained
by the Franklin Institute Committee would lead us to regard
these as extreme values, between which the performance of almost
all arc light would lie, as a rule, nearer the lower than the upper
of these limits. The efficiency of arc liglits, then, expressed in
nean spherical candle-power per watt is frequently as low as 1.5
times that of the incandescent lamp, and, rarely, three times as
high. Now the mean efficiency of the arc lamp under discussion,

luLminous radiation
. e., the ratio, according to the measurernentstotal radiation
of MNr. Nakano, is almost exactly IOUper cent. The efficienicy of
incandescent lauips, defined iii the same way, according to Mr.
Merritt, may, as we have seen, be taken at aboutt 5 per cent. The
ratio is 2:1 in favor of the arc lamp, which lies within the limits
determined by comparison of candle-power and watts.

Small as these values for the efficiency of the electric light are,
they show marked improvement over the efficiency determined
in a similar manner for sourees of illuLmination which depend upon
the incandescence of carbon by direct combuistion. Mlore than a
qnarter of a century ago, Julius Thomnsen8 )resented before a
gathering of Swedishl men of science, the results of an investiga-
tion of the energy consumed in the sperm candle, and in various
oil and gas flames. His memoir bore the suggestive title of the
Mechanical Equivalent of Light, and is one of the earliest con-
tributions to our knowledge of the energy of luminous radiation.
The instrumnents employed in Thomsen's experiments were the

tlhermopile and galvanometer, the indications of which were re-
duced to absolute imieasure by determination of the deflection

Julius Thomsen: Das Meclhanische AEquivalent des Lichtes; Poggendorff 's
Annalen, Bd. 125, p. 348.
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produced by the radiation from a glass globe filled with hot
water. The total loss of heat by radiation which this globe suf-
ferred was calculated from its rate of cooling, using Dulong and
Petit's law. The water equivalent of the globe was 1,351 grains;
its total loss of heat per minute at 50 degrees C. was 250 calories;
its loss of heat by radiation at the above temperature, when the
air of the room was at 17 degrees, was 102 calories per minute.
Under these conditions the influence of the globe of water upon
the thermopile placed at a given distance was observed. A luin-
inous body having been substituted for the globe, its influence on
the pile was likewise noted, and its total radiation in calories cal-
culated by comparison of the deflections produced in the two
cases.
For a sperm canidle burning 8.2 grains per hour, the total radi-

ation estimated by this method was 210 calories per minute.
Other flames gave out quantities of heat nearly in proportion to
their candle-power, as will be seen by inspection of table iv.

TABLE IV.
Calories per candle-power radiated by various flames, according to

Julius Thomsen.

Source of Illumination. Candle- Calories perpower. candle.
Sperm candle ......... 1. 210
Gas flame .....1 .2 201
Gas flame ............ 7.7 199
MIoderator lamp....... 8.6 199

The luminous energy was obtained by a method similar to that
pursued by Merritt in the experiments already described. A
bath containing a layer of water 20 cm. in thickness was inter-
posed between the lamp and the thermopile and the indications
of the galvanometer noted. The results were based upon the
assumption that the cell absorbed 13 per cent. of the light and all
of the dark rays. This estimate is doubtless faulty, and may in-
volve a reduction of several per cent. fromr the values given by
Thomsen. His results, uncorrected, are as follows:

TABLE V.
Energy of luminous radiation of various flames in calories, according to

Julius Thomsen.

Source. Candle- Luminous Energy.Source. ~ power. per. c. p.
Candles ... ........ 1. 4.4 calories.
Moderator lamp .... 6.25 3.9 calories.
Moderator lamp .... 8.6 4.1 calories.
Gas. 7.7 4.2 calories.
Gas ............. 1.2 3.7 calories.
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The energy of the light-giving rays per candle-power of light
produced is then, according to Thomsen, very nearly the same for
the flames of the candle, oil lamp and gas burner. This conclusion
has beein abundantly confirmed by spectro-photometric observa-
tions of the quality of the light which they emit. It appears,
moreover, from these observations, of which I shall have occasion
to speak at length presently, that the temperature of the incan-
descent particles in such flames agrees very closely indeed with
that of ani incandescent lamp, consuming 5 watts at 16 c. p, being,
as a rule, lower, rather than higher, than the latter; and the
calculation of the energy of such a lamp in calories per minute,
making use of the data furnished us by the investigation of
Abney and Festing, or of AMerritt, affords most satisfactory evi-
dence of the accuracy of Thomsen's results. Let us take for
example the case of an incanideseent lamp in which 5 watts per
candle-power are expended, and in which the ratio

Luminous radiationr
Total radiation

The energy converted into liglht in such a lamp is .25 watt.
Now,

1 gramme-calorie 4.2 X 101 ergs.

1 watt 10 ergs 4 2 granuime-calories per second.
.25 watt .25 4.2

.25 watt -= x
42 gramnme-calories per minute,

and the heat equivalent of the luminous energy is 3.6 grainme-
calories per minute.

This value is somnewlhat smaller than those given by Thomsen
in the preceding table, but proper corrections for the diathermiancy
of the water bath used in his experiments and for the difference
in standards of candle-power-the light given by his sperm candle
being slightly in excess of the legal standard of the present day-
will bring the two into excellent agreemiienit.
The entire energy developed by the chemnical reactions occurring

in these flames per candle-power of light produced were, however,
about 1,400 calories in the case of candle and oil lamps, and 4,100
calories in the case of gas, so that the gross efficiency would be
respectively 0.3 per cent. and 0.1 per cent. The average ratio
of total radiation reaching the thermopile, to luminous radiation is
about .2 per cent., but this ratio cannot be considered in the same
light as that obtained in the case of the incandescent lamp, since
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a gas or oil flame is in reality a column of heated vapor contain-
ing particles of uinconsumed carbon, which reaches far above the
luminous region, sending out dark rays from its upper and cooler
portions, which do not reach the face of the thermopile at all.
The relation which the total radiation of this lheated column bears
to the heat dissipated by convection cannot be determined, and
the determination of total radiation froim the light-giving portions
alone is of little value. It is only in the matter of gross efficiency ,

therefore, that we can institute a comparison between electric
lamnps and the older methods of illumination, and the gross effi-
ciency of the former depends upon the efficiency of productioni
of electric current. tUnder conditions, such that 10 per cent. of
the total energy of the fuel consumed is converted into elec-
tricity-conditions, which are, I believe, rarely attained by our
present methods- the gross efficiency of an incandescent larr p,
of which the net efficiency, determined by the methods which I
have already described, is 5 per cent., would be 0.5 per cent.; a
value which is five times greater than that of a lamp burning the
kind of gas used by Thomsen, and which stands in the ratio of
5:3 (or, probably, rather more than that) to the gross efficiency of
an oil flame. These flames must, of necessity, vary very widely
with the quality of the fuel consumed, and with the condition
under which combustion is mnaintained.

If we apply a similar method of coimputation to the values
given by Mr. Preece in his recent address at the Bath meeting of
the British Association for the Advancement of Science assum-
ing that the conditions under which each illuminant is consumed
are suclh that the temperature of the incandescent carbon equals
that which is maintained in the filament of an incandescent lainp
at 5 watts per canidle, with a net efficiency, as before, of 5
per cenit., a set of conditions which can be attained in practice
only in the most perfectly. constructed oil anid gas lamps, and
which are fulfilled in many of the best of our ineandescentlamps
of to-day, we obtain the following results:

9 Preece. Address before Section A, meeting of the B. A. at Batlh, 1888.
Natare, vol. 38, p. 496.

174



OF ARTIFICIAL ILL UJ7IJNA TIO9V.

Table VI.
Gross efficiency of various illuminants deduced from the values given by Preece.

Trhe heat equivalent of the luminous radiation of a candle is assumed to be
'3.6 gramme-calories per minute.

Luminous radia-
Watts per candle. Gramme-calories tion.Illuminant. (Preece.) per rninute per

candle. Total energy
gross efficiency.

Tallow........ 124 1770. .00203
\V ax. .......... 94 1340. .00268
Sperm ....... 86 1230. .00293
Mineral oil 80 1143. .00315
Vegetable oil 57 815. .00442
Coal gas ....... 68 971. .0317
Cannel gas 48 685. .00521

In considering these valLues it should be borne in mind that coal-
gas is a fuel which has been obtained by the previous expenditure
of considerable energy.- Were we to take as our basis the con-
sumption of coal necessary to the production of a candle-power
of light, instead of the heat of the combustion within the gas
flame itself, the values for the efficiency of coal-gas as an illumi-
nant would be very considerably reduced.
We have already seen that there are excellent experiinental

grounds for the statement that the gross efficiency of the incan-
descent lamp is about .005, and that of the arc lamp about .0,
under the assuinption of time waste of 90 per cent. of the total
energy of the fuel in the various processes leading to the produc-
tion of the current, and that the latter figures, small as they are,
are considerably in excess of the gross efficiency of candles, oil or
gas. We are in possession, inoreover, of the means of expressing
exactly the degree of superioritv which the electric light possesses
over those illuminants in the inmportant matter of the heating
effect ulponi the surrounding atmosphere. Gas and oil flames de-
liver in the neighborhood of 1,000 gramme-calories of heat per
minute to the room for each candle-power, of 3.6 gramme-calories
of luminous radiation. An incandescent lamp of 5 per cent. net
efficiency delivers only 72 gramme-calories per candle-power.
The net efficiency of the incandescent lamp may be raised

somewhat by increasing the temperature of the carbon filament,
and, indeed, it has already beeni somewhat raised by the introduc
tion of the new "3 watt" lamps. These lamps have been ex-
cluded from this discussion because we have as yet no coinplete
data with reference to them, and because it seemed desirable,
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aside from that, to institute comparisons between souirces of
illumination in which the degree of incandescence was the same,
and for all of which, colnsequently, candle-power had the same
meaning.
When we raise the temperature of our source of light, lhowever,

we introduce changes, of which the methods thus far considered
take no cognizance.

In increasing the degree of incandescence, the ratio of luminous
energy to total energy of radiation is slowly increased, and at the
same time the relative brightness of the various rays whieh con-
stitute the visible spectrum changes. In a word, the quality of
the light changes, and we are confronted by important variations
which cannot be expressed in candle-power.
The investigation of these changes in composition, upon which

color depends, involves the study of the visible spectrum of the
source of light and the comparison of its intensity, wave lengtlh for
wave length, with thve spectrum of some properly chosen standard.
The instrument necessary to this work is the spectro-photometer,
by means of which the spectra of the two lights to be compared are
brought together in the field of view, one above another, like
wave lengths everywhere in the same vertical line. The ineas-
uremnents consist in bringing the two spectra to the same intensity
in each of the regionls selected for observation successivelv, and in
determining the amount by which it is necessary in eachl eace to
reduce the intensity of the brighter. A variety of devices have
been nmade use of for varying the brightness of the spectra, anld
the standards of comparison adopted by different observers h-ave
included the candle, the petroleum flame, the gas flame, and the
incandescent lamp, maintained at a constant voltage. Thus W.
H. Pickering'0 obtained the necessary range of intensities by
placing the lamp under inspection upon a slided carriage and
varying its distance from the slit of the spectroscope. Hlis stand-
ard of comparison was a gas flame. H. C. Vogel" used as his
standard a petroleum flame. Crova,'2 who brought the iintensities
of the two spectra to equality by means of a polarizing device,
adopted the moderator lamp as a standard. Otto Schuinann, in

I ° W. HI. Pickering, Proceedings of the American Academy of Arts and Sci-
ences, vol. 15, 1880.

l H. C. Vogel, Berliner Monatsberichte, 1880, p. 801.
A. Crova, Comptes Rendus, 87, 1878, p. 322.
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his study of the incandescent lamp, made uise of a "benlzine "
candle. The intervention of a revolving disc with open and
closed sectors and of wedges of smoked glass have also been ap-
plied to the regulation of the intensity, and the method of vary-
ing the width of the slit itself, a device due to Vierordt, has been
found to give good results, where the range of intensities was in-
considerable.
The mnethods of presenting the results of this class of measure-

irient have differed as widely as the methods of observationi and
the choice of standards; but it is possible wherever the data are
properly given and the character of the standard is kniown, to re-
duce them all to a common basis of comparison. When thus re-
duced these measureinents are found to agree in all essential
particulars, and they afford us very definite knowledge of the

Sr

Fig. 7.

character of the light emitted by the sources of illumination to
whicli the spectro-photometer has been applied.

Figure 7 shows the form of the spectro-photometer recently
used by Mr. W. S. Franklin and myself in an extended series of
observations upon artificial sources of illumination and in the
comparison of their spectra with that of daylight.
To the slit of a one prism spectroscope are attached a set of

total reflection prisms, r, by means of which rays may be intro-
duced into the upper and lower halves of the slit, these rays
coming respectively fromn sources of illuminiation placed to the
rioght and left-hand in a line at right angles to the axis of the
collimiator tube. The standard of illumination, which is an in
candescent lamp s, maintained at 16 candles, is placed at the ob-
server's right hand.
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Its rays, having been rendered parallel by mleans of a condensing
lense, 1, pass through a pair of Nicol's prismns, N and ', the first of
which is free to revolve, and enters the upper half of the slit.
The intensity of the spectrunm of this lamp cail be reduced at will
by the rotation of the first Nicol, and its brightness is calculated
from the angle between the flames of polarization of the two
Nicols. To the left of the slit is mounted a block of miagnesium
carbonate, its face vertical and forming an angle of 45 degrees
with the axis of collimation of the spectroscope. The rays of the
source of light to be investigated, s', wlichl- is placed at a conven-
ient distance, fall upon the nagnesiumn carbonate, and it is sueh
of the diffusely reflected rays fromn the latter as reach the total
reflection prisms, and thus enter the lower half of the slit, wlhich
form the second spectrumii. The object gained by the interpo-
sition of this white surface is an important one. All artificial
light, except that fromn an incandescent lamp, emanates fromn
glowing materials varying greatly in temperature, and the spec-
trum obtained directly from the source is always that due to somle
particular portion of the lumiinous body under investigation, to
the exclusion of the remainider, and differs more or less in char-
acter froin that of tlhe souirce taken as a whole.
The spectrum of rays reflected from the face of the magnesium

carbonate, however, contains in proper proportions the liglht froim
all portions of the source, and one of the chief sources of error to
which spectro-photomietric work is subject, is thus eliminated.
The investigations mnade with this instrument, which have been

described in a paper read before the American Association,'3 in-
cluded the measurement of candle flames, anid of various petro-
leum and gas lainps, also of the line light, the incandescent lai-mp
under a wide range of conditions, of the electric are and of day-
light by clear and by clouded sky. The results obtaiined illustrate
the precise character of those differences in composition to tie
bearing of which, upon the study of the efficiency of artificial
illunmination I desire to call youir attentioni.

In the first place it was found that the light- of the candle, and
of oil and gas flames, although subject to considerable fluctuations
from variations df the condition under whiclh combbustion occurs,

13 Edward L. Nichols and W. S. Franklin. A Spectro-photometric Coini-
parison of Artificial Sources of Illumination. Paper read before Section B;
A. A. A. S. at the Cleveland meeting, August, 1888.
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differ but slightly in quality forom eaclh other and froin that of
incandescent lamps maintained at normal candle-power. The in-
candescent material in all is carbon; and it is a significant fact
that the average temperature of ineandescence is nearly the same
in all luminous flames, and that the highest temperature, until
very recently at any rate, at which it has been found practicable
to maintain the carbon filament of the glow-lamp, is very niearly
that at which the samne material exists under the most favorable
conditions in oil and gas flames. Hence it is that the radiant
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energy per candle-power, as has been shown by Julius Thomsen,
is nearly the same for all these flames.

Passing to other sources of illumination, such as the lime light
and the electric arc, we find the entire portion of the spectrum
lying beyond the yellow increasing more rapidly, regions of
longer wave length than the yellow increasing less rapidly than
the candle power; the rate of increase growing steadily as the wave
length dimninishes fro-n the red to the -violet end of the spectruni.
Fig. 8 shows the results of comparisons of the spectra of the lime
light, electric are, and of daylight, by clear and by unclouded
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sky, with that of an incandescent lamp maintained at its normal
candle-power. This lamp, which was chosen as a standard of
comparison, was an Edison 16-candle, 100 volt lamp. Its light
was precisely similar to that of a "Board of Trade " argand gas
burner, showing the same relative brilliancy througlhout the whole
of the visible spectrum. The measurements were made with tlle
spectro-photometer just described (see Fig. 7), the light in ever-y
case falling upon the block of magnesiumn carbonate, and entering
the slit of the spectroscope after reflection from the face of the
latter. For purpose of comparison the brightness of the standard
incandescent lainp has been taken as unitv throughout the spec-
trum. If we make a diagram in which abscissoe are wave-lengths
and ordinates, intensities, referred to that of the standard as uinity.
the curve for this lamp will be a straight horizontal line, with
ordinate 1.

All other spectra are reduced to the same brightness in the
region of the D line of Fraunlhofer, and their brightness in other
regions, referred to that of the correspondinig wave lengths in the
spectrum of the standard, is shown by mneans of curves.

Observations were made in ten regions of the spectrum, equi-
distant as to wave length, and embracing the whole of the visible
spectrum. It will be seen by reference to the figure that the
liie light is relatively mnuch stronger in the violet and much
weaker in the red than the standard. In the arc light this in-
crease of intensity toward the violet is even mnore marked, but
its variation in quality fronm the lime light is by no means so great,
as its exceedingly brilliant, bluishi-white appearance to the eye
would lead uls to expect. The source of that appearance and of
the very high actinic value of the are is found, however, in the
presence of an exceedingly bright band in the extreme violet.
Here the relative intensity of the arc light spectrum rises abruptly
about 3 to 20 times that of the incandescent lamp.
Measurements were made upon a long arc lamp with Y2 inch

carbons, with 10 amperes and 50 volts and a short arc lamp witl
a 2i) ampere current. The character of the light was found to
be almost identical excepting in this light band in the neighbor-
hood of the G line, which is much more promninent in the long
arc lamp. The character of the light was found to be muich the
same at all angles below the horizontal plane.
The only other spectrophotometric measurements of the elec-

tric are with which I am acquainted, lhave been made upon the
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Foucauilt regulator, a lamp with carbons of small diameter.
Fairly concordant determ-inations of the distribution of intensities
in the spectrum of this lamp by W. H. Pickering,t4 H. C. Vogel,'5
and Crova,16 show that the light of this lainp is decidedly bluer
than that of the lamps with large carbons in vogue at the present
day; the spectrumn of the former being about five times as ricl
in the violet as that of gas or oil damiies. Mlr. Nakano's results,
of whicll mention has already been mnade, indicate marked in-
crease in the efficiency of the arc lamp, as the diameter of the
carbons is decreased; and since increase of efficiency arises fromn
a higher average degree of incandescenice, we should expect just
such an increment in the shorter wave lengths as shows itself in
the case of the Foucault regulator.

Finally, in the case of daylight we find the intensity of the
shorter wave lengths exceedingly great as compared with that of
any artificial source of illumination. If the spectrum of daylight
be brought into comparison with that of an incandescent lamp,
and the two be reduced to the same intensity in the yellow, the
extreme red of the daylight spectruin will be so dim in compari-
son with that of the lamp as to render ineasuremenits difficult. In
the violet the discrepancy will be just as marked, the sun's spec-
trum being relatively of enormous brilliancy. Curve i., Fig. 8,
shows the result of such a measurement of the daylight spectrumn,
taken juist after noon upon a cloudless summer day.
Vogel has given data of a determinationi in which the pre-

ponderance in the violet was even more inarked, the relative in-
tensity of daylight for the region corresponding to wave length,
4,260 (just beyond the G line), being 100: 1 for spectra whieh
were equally bright in the neighborhood of the D line.

Ordinarily, there is considerable absorption of the blue and
violet by moistare in the atmosphere, and a measuremnent of day-
light under a densely clouded sky gave curve ii. Even under
these conditions, with the violet reduced to about one-tenth of
the value which it possesses in clear weather, daylight is very
much bluer than any artificial light. The light emitted by
burrningiomagnesium approaches more niearly to it than any other,
being, according to Pickering, considerably stronger throughout
the blue and violet than the light fromn the Foucault arc lamp.

4W. 1H. Pickering, 1. c.
fl. C. Vogel, t. c.

A>A. Crova, 1. c.
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Its color, lhowever, is not reinforced by a violet band like that in
the spectrum of the electric arc, a region which, by its extra-
ordinary brightness. has mnarked influence upon the color of the
liglht.
These variations depend upon temperature primarily, and they
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rnay be studied to the best advantage in the spectrum of the in-
candeseent lamp. The radiating surface of such a lamnp is at a
nearly constant temperature tlhroughout, and it may be given a
very considerable range in the matter of incandescence, involving
variations in color and total intensity, which are under complete
control.
An Edison lamp, similar to that which had been used -as a

standard in our previous measuremnents, was subjected to spectro-
photometric analysis by Mr. Franklin and myself, at 4 candles, 10
candles, 16 candles, 22 candles and 28 candles, successively. The
results obtained are shown in figure 9.
The spectrum of the lanmp at 16 candles is taken as of unit

brightness throughout, and the other curves show the amount of
light of each wave length emitted by the lamp in the above-men-
tioned states of incandescence. Intensities, in every case, are re-
ferred to the light of corresponding wave length, given by the
same lamp at 16 candles, as unity.
At the red end of the spectrum.. the intensity increases inore
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slowly than candle-power; at the violet end more rapidly. There
exists an intermediate wave length for which the brightness is
proportional to the candle-power. The vertical line in the dia-
gram shows the portion of the spectrum for whlich this holds true,
a point in the yellow at wave length 6,000.

If we suppose the same measurements executed upon a set of
lamps in every respect similar to the one in question, excepting
that their radiated surfaces are of such size that they give 16l
candles, as indicated by the Bunsen photometer when the degree
of incandescence corresponds respectively to that at which the
lamp actuallv measuired emitted at 4, 10, 16, 22, and 28 candles,
there would result a set of curves of the same general character
as those in Fig. 12. At wave length 6.000 these curves would
have a common value, and they would serve to indicate botlh the
quantity and quality of the variation of the carbon filainent, as a
function of the incandescence, candle-power remaining constant.
The form of these curves is shown in Fig. 10. They afford us
data for discussion of the canidle as a stanidard of illuLmiiination

12 P. 22 r,p
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which could not be obtained in any other way. They show the
relative distributiomi of eniergy in the spectrum of five lamnps,
which, according to the indications of the Bunsen -photometer,
are of equal brightness, but which differ both in the quality and
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in their total energy of their lurninous radiation. Their efficienicy
expressed in terms of the candle-power produced per watt ex-
pressed in the lamp, rises rapidly as the incandescence increases.
For laimps of the type upon which these mneasurements were
made, for instance, the relative efficiency referred in each case to
that of the lamp, the incandescence of whichl corresponds to that
of an Edison lamp at 16 candles, is given in the columln headed
Candle-power in table vii.

Watts
TABLE VII.

Relative efficiency refe:-red to that of a 16-

State of incandescence equivalent to caidle lamp as unity.
that of an Edison i6-candle .-

lamp, giving-
Candle-power Luminous radiation.

Watts. Total radiation.

(1) 4 cand]es.... 394 .211
(1)10 .729 .632
(3) 16 " (........1)

2

128 13.68(5) 28 ...... 1.391 1)89

If, however, we retain as the mieasure of efficiency, the ratio,
luminous radiationi

total radiation , we can deduce fronm these curves values coin-

ciding witlh those reached by the method of the therinopile and
alnuin cell. To this end we must know the above-mentioned ratio
for some one candle-power and the number of watts necessary
to the production of each state of incandescence for which the
comuputation is to be nmade.
The relTtive efficiency can then be calculated from the areas

inclosed by the respective curves. Were the candle-power pro-
portional to the energy of luminous radiation, the values thus ob-
tained would be identical with the relative efficiency determined
from the relationi of candle-power to watts. The relative effi-
ciency thus comiputed (see table vii.) does not coincide witlh that
obtained from the ratio of watts to candle-power, however, for tlle
reason that the variouLs rays which mnake up the visible spectrumii
do not enter into the production of candle-power in proportion
to their energy. The mnost important wave lenigths, so far as

light-giving power is concerned, are those which form the yellow
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of the spectrum, and the relative luminosity falls off rapidly both
toward the red and the violet. The longer wave lengths have,
however, much miore influience upon canidle-power than the inore
refranlgible rays, as will be seen by an inspection of the curves,
the relative falling off of the red end of the spectrum being com-
pensated by larger and larger accessions in the blue anid violet as
the state of incandescence increases.

Luminosity is the factor, which we must take into account in
seeking a complete expression for the efficiency of any source of
illumination, and the methlod to be pursued in the determination
of the luminosity must depend upon the use to which the light
is to be applied. If we estimate light by its power of bringing
out the colors of natural objects, the value which we place uponl
the blue and violet rays Imlust be very different from that wlhich
would be ascribed to them if we consider merely its power of il-
lumination as applied to black and white. In a picture gallery,
for instance, or upon the stage, the value of an illumninant in-
creases witlh the temperature of the incandescent material, ou-t
of all proportion to the cauidle-power, whereas candle-power af-
fords an excellent measure of the light to be used in a reading
room.
A numiber of determninations of the luminosity of artificial light

have been made. In the earliest of these by Vierordt,' the
amount of white light whicll may be mixed with each color of
the spectrum, without producing an appreciable change of tint,
was taken as the measure of the luminosity of that color. The
result is shown graphically in Fig. 11. The curve indicates the
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light-giving power of each wave length, estimated in the above
manner. The source of light experimented upon was a petrc-

I 7C. Vierordt, Arbnalen d,r Physik und Chemie, Bd. 137, p. 200.
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leLni flamne. The vertical line inidicates the region of the spec-
trn-i within which according to the measurements of the quality
of light of the incandescent lamnp already described-the increase
in the brightniess of the spectrum is proportional to the candle-
power. This region corresponds veryinearly with that of iiax-
imum luminosity of the spectrum.
The luminosity of the blue and violet rays is so very smnall that

in the production of candle-power the influence of the very rapid
growth of this end of the spectrum with increasing temperature
of the lamp is scarcely appreciable. If we estimate the light-
giving value of the different portions of the spectruLn by means
of the facility with which we can distiniguish black characters
upon a white ground, the importance of the more refranigible
ravs is still farther diminished. Thus MIace6 de Lepinay and
iNicatil8 have shown that if yellow and blue light, estimated to be
of equal brightness bv photometric means, are of such intensity
that one can clearly distinguish a prinrted page when illumninated
by the yellow, the same page will be entirely illegible, when the
blue light alone falls upon it. Tllese observers conclude, indeed,
that "' the mere distinguishing of objects is due almost exclusively
to the illuinination produced by the less refrangible half of the
normnal spectrumn; " so that at equal brilliancy " the superiority of
vellow sources of light (luminous gas flames, incandescent lamps)
over sources richer in blue rays (light of the electric arc) is incon-
testible." "The only real advantage," they add, " upon the side
of the light froim the electric arc is when one desires to rehabili-
tate objects mnore nearly in the hues which they present in the
light of day." This single advantage is one which it is impossible
to take due account of, numerically, in an estimate of the effi-
cieney of artificial illumination. It is, nevertheless, a most impor-
tant factor in determining the adaptability of a light to nearly all
the purposes of everyday life.

Otto Schumanni,' to wlhom we owe a most exhaustive study of
the light of the incandescent lamp, has determinied the luminiosity
of several types of such lamps at various stages of incandescence.
His results, in so far as they apply to a 16-candle Edison lamp,
are given in table viii.

1 Mac6 de Lepinay and W. Nicati, Journal de Physique, second line, T.
2, p. 75, 1883.

19 Otto Schumann, Elektrotechlnische Zeitschrift, Bd. 5, p. 224, 1884.
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TABLE ViiI.

Lumlinosity of an Edison lamp of various stages at incandescence, according to
Otto Schumann.

Luminositv of various regions of the spectrum.

C.)

¢ > ,: Red Orange Yellow Green Blue Indligo Violet

676 656 615 557 487 464 429

0.62.5 87.3 54.6 1.18 4.64 ...... 20.14 0.64 0.11
A178 90.4 61.3 1.68 6.66 ..... 30.35 1.05 0.20
.?27 94.7 68.8 2.24 9.34 53.11 50.05 !1.71 0.34
.748 97.4 72.9 2.59 10.92 63.28 62.23 2.28 0.47
.823 105.0 86.4 4.06 17.14 99.22 104.3 4.69 0.88
.944 112.9 106.7 6.97 28.85 163.0' 189.1 7.88 1.75

1.009 117.6 118.6 8.74 37.1 fX 222.6 255.7 11.62 2.71 0.42
1.035 120.4 124.7 9.36 41.67 263.3 317.7 16.04 3.79 0.60
1.099 124.5 136.4 11.43 52.36 34.5.2 472.2 26.24 6.53 1.04

I have made these values of Schumann's the basis of a set of
curves, by means of which the variationi in luminosity, with total
energy in watts, is exhibited (see Fig. 12). It will be seen that
the position of the maximuim moves slightly towards the violet
as the brightness of the lamp increases. This tendency is very
slight withini the range of temperatures reached by the incan-
descent lamp. In the arc light we should find the displacement
more marked, but in the case of sunlight, in which, as we have
seen, the shorter wave lengths are in suich preponderance, the
nmovement of the miaxiinum is inconsiderable. The curves shownl
in Fig. 13 are taken from the investigation by Crova, who has
determined the distribution of luminosities in the spectrum of
sunlight and of the flamle of a petroleum lamp. The maximnum
in sunlight is at 2= 582, that of the petroleum 2= 592. Nearly
all sources of illumination will be found to have a naximuLnml lying
between these two wave lengths.
A comparison of the total luminosity of the incandescent lamnp

with its candle-power shows that the former increases with the
energy of the lamp more rapidly than the latter, although the
discrepancy is not so marked as in the comparison of efficiency
of candle-power with that of luminous radiation.
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The following table, obtained by the suinmation of the lumn-
inosity curves, shows the relation between candle-power and

total lumtiinosity, in the case of the lamp studied by Sdmu-
mann -

TABLE IX.
Candle-power and total luminosity of the incandescent lamp.

Watts. Candle-power. Total luminosity.
54.6 ..... 4.11
61.3 6.31
68.8 10.12 10.20
72.9 12.05 12.58
86.4 18.80 20.64

106.7 31.60 36.80
118.6 41.44 49.77
124.7 50.16 60.85
136.4 64.15

Plainly then, candle-power does not afford a measure either of
the light-giving energy or of the luminiosity of a source of
illumination. When used in the comparison of sources which
differ in temperatulre, the indications of the photometer always
yield us relatively too low a value for the intensity of the lamp
of higher incandescence. In the case of candles v,. gas, or of
either of these in comparison with the incandescent lamp at nor-
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mal temperature, the error is not important, but between the
candle and the " 16-candle " lamp maintained at 50 candle-power,
the discrepancy amounts to 10 per cent. For the electric arc the
ratio of candle power to total luminosity is very nearly 4: 5, and
in the case of daylight it is about 4: 6.

In arc light photometry, candle-power is already a well-nigh
meaningless term. Would it not be well to abandon it altogether
in favor of some standard affording us an expression for the lum-
inosity of radiation? So far as the incandescent lamp is con-
cerned, light-giving power is a perfectly definite function of the
temperature and of the area of the radiating surface. We are
unfortunately not in position at the present day to measure the
temperature of an incandeseent filament, but the time will un-
doubtedly come when the relation between the tenlperature and
the quality of the light emitted by glowing carbon will be de-
finitely known. We may indeed look forward to the develop-
ment of som-rle optical method for the measurement of the tempera-
tuire of incandescenece which shall be as easily performed as our
present method of determining candle-power, and which shall
admit of a much higher degree of precision. The comparison of
lamps, the temperatures of which are the same, will then reduce
itself to a question of radiating surface. Total luminosity and
total energy of luminou-s radiation, per unit of surface, together
with net and gross efficiency, may theii be expressed, in so far as
incandescent carbon is our source of illumination, as functions of
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the temperature alone, and the performance of any lamp miay be
defined in terms which admit of no uncertainty.
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DISCUSSION.

THE CHAIR-MAN:-Gentlemen, I amii sure that you must have
heard with the greatest pleasure the very able paper that has been
read extemporaneously-if I may so express it. I have the paper
before mne, and I think that such a subject should incite us to a
very full and free discussion. We have with us this evening a
number of gentlemen wh1o are interested in this question, either
from a scientific or commercial standpoint, and a great many of
themn have already had some practical experience with regard to
the fact that candle-power does not express the light-giving capa-
city of a lamp, and they have had some little difficulty in convinc-
ing city councils and other bodies of that fact. I think that such
members should take an active part in the discussion, and I do
not propose to stand in their way by occupying your attention
longer.
MR. UPTON:-I listened with great pleasure to the paper of

Prof. Nichols. I think that we have heard a paper which puts
nore clearly than it has ever been puLt before, the subject of can-
dle-power. For the last few years there has been considerable dis-
cussion regarding candle-power. It is a matter which enters very
largely into my business; and speaking of the difficulty of mak-
ing good measurements, and of the mneaning of candle-power, I
might mnention a story concerning a young gentleman whom many
of you know, who was engaged to be married. He went out into
the country and spenit Sunday there, and, on coming back, iinno-
cently remarked that he had never noticed how much light a lan-
tern gave until that Sunday. What Prof. Nichols has said as to
the amount of light that a low candle-power would give for illum
inating purposes is very true. For example, you take a fire, and
you will notice how it will illuminate the buildings around, and
yet the candle-power is low. Where you have a low glow from coal,
the candle-power is very low, yet tlle general illuminating power
is very large. As to the artificial or fixed method of rating can
dle-power in incandescent lamps, I consider that the present
miethod of calling an incandescent lamp 16 or 20 candle-power is
entirely wrong. Incandescent lamps are simply sorted. You put
them in at 100 volts or 105 volts, so that they will be even if
burned. That is all it means practically. Each consumer of
light shouild fix the candle-power to suit the conditions. The
marking that is now done on incandescent lamps is merely nom-
iinal; that is, it is in the hands of the parties who uise the light to
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mlake the candle-power as much as they like. I wish to express
my pleasure at the production of such a paper as this, because, it
is of the class that we want. We want more of thein in these
ineetings. It brings to us the results of laboratory work, sutch as
is now being carried on at Cornell, and when we can get such
papers, we can count ourselves very fortunate.
DR. OTTO A. MOSES:-I, too, have listened with a great deal of

pleasure to the paper and to Mr. UJpton's comments upon it, and
it carries me back to the day when the determnination of candle-
power was the all absorbing problem-the day when it was the
question whether the incandescent light had any reason for exist-
ing or nlot. However, the concluding remarks of Prof. Nichols
open up, I think, the proper field for us to cultivate to-night, and
that is the method by which we can arrive at somne photometric
standard. The method that he proposes has one very great diffi-
culty. He suggests the direction, but it is like pointing to the
stars-you may go on to infinity. Carbon, which is the material
now uised for furnishing the incandescent filament, depends for
its atomic condition upon the degree of temnperature to which it
has been stubjected, that is to. say, it varies in density and com-
position. This method struck me as we were listening intently
to Prof. Nichols' remarks-if it were possible to surround the
light-giving center with some spherical film of definite thickness
and containiing a certain quantity of a substance to be acted upon
by the light, it would be possible by superposing those films, to
get, I imagine, what would be the summation of the chemical ac-
tions on all the different colors in the spectrum from the dark
rays up to those of highest incandescence. In that way, by dis-
solving out from this film the soluble portions and determining
the insoluble matter, it would be possible, by a chemical method,
to arrive at the total chemical action on all those films, and in that
wav mnake somne definite approach to what is the real energy ex-
pended by the light. But it is a subject on which I think we can
all say with Goethe in his dying moments, "'We need light-more
lighlt."

PROF. NIcHOLS:-If you are not all quite tired of me, I think
I could perhaps make the last point a little clearer. The slide
did not quite do its duty, I think, in bringing out the relationship
between the various wave-lengths of radiation of four lamps all
of which give the same candle-power, and from that I think I can
indicate to you the line along which I would suggest a change of
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standard. I will draw a diagram which, perhaps, will be a little
clearer. Suppose this (see Fig. 14) is the spectrum whicll is
assumed to be of uinit intensity throughout. This is the yellow
(indicating); here is the red; out here is green, blue and then
violet, which is the limit of the spectrum. Now, if you halve a
lamp of the same type of carbon. which corresponds to a 16 can-

FIG. 14.

dle-power lamp of to-day; take this same lamp and run it at a

temperature which corresponds to 4 candle-power to-day, and
make that lamp large enough so that the photometer says it gives
16 candles, we find a curve like that which I had in my diagram,
of this variety. Here are two lamps, one 16 and the other 4 c. p.,

and the photometer says that they are the same, but they are not
the same either in total amount of energy, as one of my tables

\ /

I~~~~

I\

/ \
/\
/\

/

/' Al

I .

Il \~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- r



DISCUSSIO19.

shlowed you, or in luminous effect; and if we run that on to 28
candles, we fild the red very much weaker and the blue correspond-
ingly much stronger. And there are three lamps, all of whieh
the photometer says, give 16 candles, and yet they vary in total
lumtinous energy and in total light-giving value as measured by
their luminosity. At any rate, for a single type of carbon, pre-
pared according to a certain process, and I believe it will hold
through very closely of all filaments, if you know the state of in-
candeseence, the temperature and the radiating surface, you have
got a complete definition of the performance of that lamp, and
you can then express exactly what it will do for any purpose for
wlhich you design it. If you want colors, you use it at high in-
eandeseenee. If you want the greatest possible reading power,
you will get a maximum for that purpose at a lower temperatuire.
Youi inay have lam-ps which will give very different values wlhen
measured in these more exact ways, and yet give the same valute
by the IBunsen photomneter.

In the case of the 16-candle lamp raised to 50 candles, this error
amouints to 10 per cent. As between the incandeseent lamp of 16
canidle and the are liglht, the ratio between candle-power and lum
inosity is 4 to 5 nearly. When we come to compare candle-power
with dayliglht, one is half as good again as the other, and the ratio
is 4 to 6. That is, a man who would give us 16 eandles of a light
like daylight would be giving us practically half as much again, or
24 candles. Light of the quality of comumercial are light, is as 5 to
4, that is, 16 canidles of that light are worth 20 candles of the in-
candescent lamp. HIe who brings his incandescent lamp to a
state which corresponds to 50 candles gives us about 10 per cent.
more, measured according to the luminiosity, antd yet we still are
satisfied with the candle as our ineasureryent of the performance
of lamiips.

IMR. JOSEPH WVETZLER:-Prof. Nichols has outlined in a very
good suggestion, the method which he would pursue to get at the
coirect mnethod of measu:ring the candle-power of the lamp, and
his method would consist in obtaining the radiating surface of the
filament and its temperature. I would like to ask if he has
attemnpted any practical way of carrying that out. Naturally it
wouild seein that the determination of the radiating area of a fila-
lment would be easy to accornplish, knowing its size and shape,
and then would conie the question of the temperature of the fila-
ment. It strikes me that if we knew for any particular carbon,
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thle rate of variation of resistance for increase in temperature, that
the latter might be comparatively easily determined, I would
like to know if Prof. Nichols has worked in that direction. We
would have merely to measure the resistance of the carbon by a
method similar to that of the Siemens pyrometer to obtain its
temperature, and then, having the temperature aind the area we
could get at the value which he suggests.

PROF. NIcHOLS :-I would say, in reply to Mr. Wetzler's sug-
gestion, that I have been very much discouraged from attempting
that, on account of some very singular results which Prof.
Anthony obtained some years ago, and which I think he reported
to the Institute at that time,' in the matter of the behavior of in-
candescent lamp carbons as to resistanice at higlh temperatures.
Supposing that we have a carve along which the resistance
is falling off ; we should expect it to go on falling off ac-
cording to a well defined law; but he caine across a number of
lainps in which this curve turned upward, and at a certain point
von would have a very high temperature and a low temperatiure
at which the resistance would be the same. Phenomena of
that kind rather deterred me from that method of getting at the
temperature of the carbon. But I think there is a hope of getting
an optical method, an instrument by which you can look directly
at the light and ascertain its termiperature in degrees centigrade.
I think it would be preinature to speak of that now, possibly at
some future meeting I may be able to report progress on it.
DR. MOSES :-This is an interesting subject and there are

those here who can give us soine information whiclh will lead us
towards the proper solution of it. Mlr. Upton, I am sure, will be
able to answer some of these questions for us. In the mnanufact-
ure of carbons, for instance, from bamboo, in which lhe perhaps
has had more experienee than any other living man, the carbons
are manufactured of certain dimensions. They are then sub-
mitted to approximately a definite temperature, but it is found
that they vary considerably in their resistances. Nevertheless,
being of the same dimensions, and the carbons, when rendered
incandescent, being brought up to a certain definite temperature,
irrespective of the resistances in the beginning, it would seemn
when definite amounts of current were passing, that in spite of
this variation in resistance you would finally get the same amount
of light, having these dimensions and the same material to act

1. Transactions American Institute of Electrical Engineers, Vol. IV. p. 198.
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upon and the same temperature ultimately; the temperature in
this case being brought about by the current. Now, if Mr. Up-
ton would tell us about what would be the variations in carbons
when of the same dimensions, when any given lot of them are
put into lamps, if there would be a variation of as much as 20
olhms.

MuR. UPTON: - The ohms vary, of course, from accident. The
one constant is the candles per horse-power.
DR. MOSES :-But a definite fact is the amount of current that

youi allow to pass through them in testing them for their illumin-
ating power. If you were to allow a definite number of watts
to pass through those lamps, would you not approximately get
the same amount of illumination irrespective of the initial varia-
tion in resistance? It is a problem which it seems to me would
interest you. You may have tried it and solved it already.

MIR. UPTON:-You are stating in a few words a pretty large
problem ; that is the trouble. Of course, the question of the
quality of the carbon comes in, in a very large degree. That lhas
been shown again and again. The one constant, as I said, is the
candles per horse-power. The carbons wvill vary, of course. Re-
ferring to what Prof. Nielols says about the falsity of plhotome-
tric measurements, many of us know that wlhere lamps run a little
briglht a greater effect would be obtained for certain purposes far
in excess of the increase of candle power. That has been noticed
in store lighting where colors come in, and Prof. Nichols hlas
explained it. There is another point about lighting that was not
mentioned anid that is the physical effect, we used to notice that.
The moment you get lighting up to a certain brightness, it has
a cheering effect. If you have it duill, it has the opposite effect,
though both may be giving the same builk of candle power. I
hope I have answered your question.
DR. AMOSES :-You have answered it, I think, quite correctly,

when yrou say that we can ultimnately get the same quality of car-
bons, if we carry the temperature of the carbon and keep it there
for a time very much higher than the temperature at whiclh the
filament was originally carbonized. That is to say, when you
take definite dimensions and bring them up, say to a power of 48
candles, and keep them there for somle time, you then, so to say,
cook that carbon and get just the very condition at whicilh you
can make these tests. Now, then, by passing a definite amount
of current and bringing the temperature as closely as we can cal-
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culate up to 48 candles, would you not then get the same amount
of candle power from all of these That question answered
would decide whether it was possible to use this filament as a
photometric standard. That was the point we were originally
discussing.

AIR. UPTON:-As I said in reference to using a filament for
photometric standard, carbon varies in the character of its surface,
and you must specify your carbon and specify its carbonization
before you can take it as a standard. You take a black carbon
or gray carbon, or polished carbon and all the grades running
between those, and you will have a variation in candle power.
The dimensions do not fix the candle power. It is the quality of
the surface that fixes the candle power to a large degree.

DR. MIOSES :-But mnay we not get that quality of surface by
bringing it to the same high intensity, by using a definite amount
of current, anid then deterrnining wlhether those carbons do not
furnish at the same amount of horse power consumed, the same
amoutnt of light.

MIR. UP[ON :-No. Take a thin flash carbon; you bring that
up higlh and it has clhanged its quLality; and the power it will
take to give a certain light will change. Incandescent lamps de-
pend on the surface, temperature does niot fix it, as far as I know.
Of course the temperature changes with the cooling effects; and
to measure the temperature of the filament itself is a very diffi-
cult matter. I do not know how to do it at present.
DR. AMOSES:-The meeting must pardon my keeping up the

conveysation, but I am reminded of Dr. Draper's experiments-
the classical ones-where it was necessary to bring the object up
to aboout 1,000 degrees of temperature before it becamneluminous.
Now, we have got our conversation up to that point, and I hope
we shall continue it in order to get results from it. Nature indi-
cates a very definite chemical composition in her vegetable pro-
ducts. It is true any fibre will vary in different parts of the
plant, and there will be a difficulty again; but since Mr. Upton,
I believe, is carefuil to have thein all fromn the same radial dis-
tance from thle axis of the plant, on that account we mnay con-
sider that the material is homogeneous and uniform. But when
we raise a body to a given temperature we drive off those sub-
stances that may be distilled off, and if we finally get a definite
amount of temperature, entirely irrespective of its composition
in the beginning, and then put a definite amount of cutrrent
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through a definite parallelopipedon of carbon, we ought to get a
definite amount of illumination. Now, then, would not the same
cross-section and hence the same areas of similar carbons give ex-
actly the same amount of light? My reason for pressing the
question is to determine whether the suggestion of Prof. Nichols
may not ultimately be taken as the definite photometric stand-
ard. Now the platinum method lhas obvious disadvantages,
from experiments which lhave becoine classical, imade at the lab-
oratory at which Mr. Upton assisted, where platinum was discov-
ered to be conistantly changing its condition in a vacuum and
constantly giving off its surface uinder the bombardment of the
particles combined witli somne action of the current, and it is not
by any means constant. So that carbon may be a, better material
than platinum. Nevertheless they, and all other substances are
varying constantly. So that it is scarcely to be hoped that it will
be ever taken as a standard. It is, however, so easy to obtain
these standards, and they can be so easily renewed, that perhaps
they may be ultimrately adopted as scllh.
A.IRMAILLOUX :--The constitution of carbon, as it occurs in the

incandescent lamp, is to a large extent an artificial one, and one
which is dependent greatly upon the mnethod of treatmenit. You
may say, for instance, that the value of a carbon filament would
depend, other things being equial, on the denisity of the carbon.
No doubt that density has some relation to the color of it and that
again the color has some relation to the condition of the surface,
whether it is granuilar, and whetlher it is crystalline, and whether
it is smnooth and polished. Now, it occurs to me that it may be
that this variation of resistance in the incandescent lamp filamnent
is one. which instead of being abnormal, is perfectly normal and
characteristic of carbon in a highly incandescent state. Mlay it
not be that the resistance of carbon varies with its denisity and
that this attains a minimnum at a certain point. I am brought to
this idea by a certain analogy with substances which are perfectly
familiar to us-electrolytes. I have had considerable experience
in electrolysis, and have had to determine the specific resistance
of a great many suibstances, and I find that a great many-I will
not say all-but a large number of chemical substances used in
electrolysis have the very peculiar property, that there is a par-
ticular density at which they give the minimuLm resistance. For
instance, with sulphuric acid, which is so extensively used now-a-
days in storage batteries, the curve is a very peculiar one; a
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very small increase at first in specific gravity, where you start
with pure water, will make a very large decrease of resistance,
but at a specific gravity of 1.2 youi have reached very nearly the
minimum, and beyoind that the resistance increases, and finally,
when the sulphuric acid is at its maximum density, the resistance
will become quite h-igh and the curve presents a very striking
analogy indeed to that which Prof. Anthony presented before
the Institute in his paper referred to by Prof. Nichols. Moreover,
it is found that each class of salt-take the sulphates for instance-
gives a series of lines which have the same general character of
curvature, and no doubt they are amenable to one general form
of equation, and may it not be that we have here to deal with a
phenomenon which is entirely normal, and that when we once
determine the particular law which would appear to be involved
lhere, we would have right there a means of measuring the effi-
ciency of the lamp. Having found an expression for the law
whicll connects the density of the carbon with the temperature or
witlh the resistance in some way, we shall have inade some step
toward the finding of a practiced method of gauging the effi-
ciency of incandescent lamps. As I understand it, Prof. Nichols
states that the ideal method would be one which would be based
on the radiation of the energy fromn the filament of the incandes-
cent lamp itself, and if that were the case, it looks to ine as
though youi mtust look right there for the path leading to the
proper solutiorn.

DR. AWHEELER:-It seemns to me that the most important mtneas-
uremnents to be made are of actually existing lights-inot ideal
ones; and for that reason I would like to know if Prof. Nichols
thiinks that the sums of the photometer readings of a light in dif-
ferent parts of the spectrum represent its real value.

PROF. NNIcHOLS :-Mr. President, as I understand it, we lhave to
mullltiply the photometer reading in each part of the spectrmun by
a factor which itself is a function of the wave-length and which
expresses the light-producing power of that particular wave-
length. I can, perhaps, illustrate this by means of a curve. Sup-
pose youl have a light of this kind. (Illuistrating.) That is the
distribution of eniergy in the spectrum from the violet to the red,
and you take the sum of those wave-lengths right down.
The integrated value of this energy, that is the area enclosed by
this curve, is the quantity which I speak of as the total utn-
inous energy or radiation; buLt that is not the light-giving power.
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The light-givingf power varies enormously in different parts.
Now, the product of the ordinates of the two will give you thle
total light-giving power of the spectrum. Out of the red we get
great energy and little light-giving power and at the end of the
spectrum our luminosity ceases. We have to take, in the case
of each wave-length, the product of the amount of eniergy and its
luminosity as determined by one of the methods described; that
is the power which that particular wave-length has in enabling, us
to read fine print. If you take the blue light and yellow light in
the spectrum, and brino them to the same brightness so that to
the best of our average judgment we would say that they were
equally bright; then take fine print and put it in the yellow, you
can read it there, but put it over in the blue and you cannot read
it. In other words, the power of the blue to enable us to dis-
tinguish print is less. It is of no value, practically, for that pur-
pose. The rays which enable us to distinguishi black characters
on a white ground are located in that half of the spectrum which
lies toward the red, and the rest might as well be thrown away.
In almost all uses of the electric lighit the feature wlichl Mr. U)pton
spoke about comes in, namely, that indescribable value, that quality
which brings out the colors in the art galleries and in our
rooms. That lies largely in the vio]et, so that I tlhink the value
of light increases with its incandescence faster than its luminosity
does. It is a factor which mtust be determined for each case
according to the purposes for wlichl you initend to use the light.
DR. MOSES:-It is a sad tlhing for one to admit that we hlave

to determine all these questions ultinlately by an imperfect in-
strumenit. The eye has to be the final umpire of these measure-
inents, and we can scarcely consider the action of the eye as an
accurate means of determining this question. If the eye is used
under certain circulmstances in direct light we find that it under-
goes a kind of paralysis; there is a neutralization of light upon
the retina, so that our own powers of observation are affected by
these varying conditions, and I do not see how it is ever to be
possible for us, except by using special determinations for special
purposes, to arrive at a result. I have many a time seen the cob-
blers in Germany sewing, their stitches being exactly in the fociis
of a globe of water, with the smallest kind of a farthing dip at
the other side, giving a concentration of light at the very point at
wlhich it was needed. They got a better light for their purpose
tllan had they been working in the full glare of an arc lighlt. We
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have to consider tlle conditions, and it is there we have ultimately
to determine according to the necessity of the case.

AIR. DOBBIE: I would like to ask Prof. Nichlols if he lhas
thouLght of a photographic method of determining this. There
are three points in the spectrum which could each be determined
by a plate specially prepared for it. For instance, a dry plate can
be dyed by aniline and made sensitive to one particular ray. As
the question of lighting is a comnmnercial question, might it not be
a practical thing to determine the power of the lamp in a special
part of the spectrum by a plate and give it that value and state in
what part of the spectrum its value was given for. I believe that
the yellow is most coinmonly used, but for photography there
wouild of course be a call for the shorter wave lengths of the
blue rays.

MIR. BIRDSALL: I have giveni some tllought at differenit times
to photographic methods of measuring liglht. The fact that I
have also dabbled in photography has been rather discouraging.
As it is quite well known that ordiniary silver salts are more sen-
sitive to the blue and violet rays than to others, anld almost un-
affected by the dark red rays, that would seem to give us a means
of imeasuring the most desirable rays for colors, namely, the violet
rays; but it is also a fact that right good photographs have been
taken in almost absolute darkness to ordinary eyes. In other
words, the violet rays past the visible end of the spectum have
the power to affect the sensitive plate. and in that way in Ger-
many photographs have beeil taken at night; tllat is, at night
when there was no starlight of any kind, it being fairly cloudy, in
which tlhe conditions were those of almost absolute darkness.
Speaking about the varying density of carbon and the great vari-
ety of effects you can get fromn apparently uniform treatment and
conditions, all photographers know that gelatinie has the same
elegant property; with the same treatment you can get quiite
varying results within 100 per cent.
MR. IM AILLOUX:-I would differ with Dr. Mloses as to the eye

being made the ultimate arbiter of the efficiency of the incan-
descent lamp, and I believe that it will be found possible to meas-
ure the energy of the ineandescent light by other means. I have
great faith in the calorim-reter, and I believe strongly in the method
which was ontlined this evening by Prof. Nichols. I do not see
that there are any physical impossibilities lying in the way of our
arriving at such a method by which we can differentiate the var-
ions kinds of light, and get the sum of the different kinds and find



DISC USSION2.

out the law connecting them together. Having done this, then
it occurs to me that we could express the efficiency with refer-
ence to the properties for which the light is to be used and that
we could have a sort of modulus, as it were, by means of wlich
the varying conditions of the use of the lamps would be taken
into consideration in estimating their particular efficiency.
A MEMBER:-It strikes me that what we want to get at is a

practical method of determining the value of a lamp for every day
use. We can't use fine methods. It amounts mathematically to
trying to fix a curve with one point while we want to know three
points of that curve at least. If we have some practical method
of deterimining the three points of that curve instead of one, the
matter would be solved for all practical purposes. Suippose we
select the line in the spectrum. That is, practically, what is
selected now. When we use the candle the other two ends of the
spectrum are allowed to go up or down just as they please. Per-
haps by some method the two ends of tlle illuminating power
might be fixed. For irnstance, in determining the illuminating
power, instead of selecting a white glass, select two others and
give the candle-power through three instead of one.
DR. WHEELER :-I do not think tllat I made my question quite

clear. I would like to try it again. In measuring the power of
the light I uinderstand, of course, there are three sets of rays, one
of heat and onle of light and one actinic, and to know how iluch
illumination the source gives, we do not care anything about the
first or the third, wlhat we want to measure is the second set.
Now you get the value of say the yellow part. Then, if you run
the incandescence of that lamp up, may you not get a less pro-
portion of yellow and a larger proportion in some other parts of
the spectrum, so that 'while the yellow would read lower, yet the
total amount of illumination would perhaps be the same ?

PROF. NICHOLS:-I think one of the slides which I showed an-
swers the quiestion-that one deduced from the experiments of
Schlumann, in which it is found that as the incandescence increases
this curve simply rises-one curve over another in this way (illus-
trating), but not strictly so that the line passing through the tops
is a vertical line. There is a continual tendency for the line to
work off this way, and if you were to carry it on to a degree of
incandescence equal to that of the sun, you would theni find the
effect just described, that is to say, these curves would lie side by
side; but, of course, the ranige of intensity with which we deal
with artificial liglhts is very much less than between the sun and
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any artificial lights. Now, the difference of wave length between
these maxima has been determined; in the sun it is 582, and in
this case (indicating) it is only shifted to 592, so that for the rays
of incandescence which we have to deal with in artificial light,
yoni may say that the whole thing rises together.
THE CHAIRMAN :-It is long past our usual hour for adjourn-

ment, but I think we have very far from exhausted the subject.
It is in fact impossible to begin to exhaust such a subject in anl
evening's discussion, even so full and able a discussion as we have
had. I think we appreciate our own ignorance in dealing with
such a question. It is remnarkable how far in advance our own
speculations and ideas of the subject are, of the ideas which are
ordinarily entertained by the public, and while listening to the
discussion this evening as to candle-power, I was reminded of an
incident that occurred last week in Blristol, Pennsylvania, where
one of the large drug stores of the town was illuminated by candles
at the time of the starting of the ineandescent lamps. The drug-
gist had heard that the incandescent lamps were of 16 candles,
and in order to show how poor and insignificant the new illun-
inant was, he decorated the whole of his window with 16 candles.
The result of the illumination was not as great a success as he an-
ticipated, and he was overwhelmed with offers of the loan of snuf-
fers oni all sides. Although the incandescent lamp compared £o
favorably with the candles that were shown by the 13ristol drug-
gist, I think we have before us a great deal to do with the im.
proving and perfection of our arc and incandescent lamps in order
to secure a greater efficiency and in order to be less wasteful.
The lines of one of England's great poets occur to me in that
connection. You may remember them; they are those in which
Tennyson says:

Our little systems have their day,
They have their day and cease to be,
Trhey are but broken lights of Thee,
And Thou, 0 Lord, art more than they."

And when we can get our own broken lights somewhat nearer
the perfection of daylight we shall have done some of the work
which awaits us. Of course, Tennyson, in speaking of " Our little
systems" havinig their day, did not have in mind the systemns
which we see in such rapid process of consolidation with other
larger systems. (Laughter.) At the same time I think lhe hinted
at a very great and singular truth.
Adjourned.


